Oncolytic viruses kill cancer cells by tumor-selective replication. Clinical data have established the safety of the approach but also the need of improvements in potency. Efficacy of oncolysis is linked to effective infection of target cells and subsequent productive replication. Other variables include intratumoral barriers, access to target cells, uptake by non-target organs and immune response. Each of these aspects relates to the location and degree of virus replication. Unfortunately, detection of in vivo replication has been difficult, labor intensive and costly and therefore not much studied. We hypothesized that by coinfection of a luciferase expressing E1-deleted virus with an oncolytic virus, both viruses would replicate when present in the same cell. Photon emission due to conversion of D-Luciferin is sensitive and penetrates tissues well. Importantly, killing of animals is not required and each animal can be imaged repeatedly. Two different murine xenograft models were used and intratumoral coinjections of luciferase encoding virus were performed with eight different oncolytic adenoviruses. In both models, we found significant correlation between photon emission and infectious virus production. This suggests that the system can be used for non-invasive quantitation of the amplitude, persistence and dynamics of oncolytic virus replication in vivo, which could be helpful for the development of more effective and safe agents. Gene Therapy (2007) 14, 902-911.
Introduction
Oncolytic virotherapy for treatment of cancer is a rapidly developing field where replicating viruses are utilized as anticancer agents. 1 Adenoviruses are useful for cancer gene therapy, because they have demonstrated a good safety profile and lack of oncogenicity in humans, are easy to produce large scale and allow effective gene delivery. 2 Moreover, genetic manipulation of adenoviruses is reasonably easy and the capacity for DNA insertion is relatively high. Most importantly, more than 4000 cancer patients have been treated with adenoviruses without known treatment-associated mortality, and efficacy has been confirmed in recent randomized trials. [3] [4] [5] [6] Clinical trials have demonstrated that penetration of solid tumor masses is difficult to achieve and an important reason for the limited efficacy seen in many early trials. 7 Consequently, replication competent agents such as conditionally replicating adenoviruses (CRAds) have emerged as a strategy to provide local amplification for more effective intratumoral dissemination. Initial clinical trials with pioneering CRAds have demonstrated good safety, but have also highlighted the need for improving efficacy. 8 Sufficient transduction of tumor cells continues to be the key variable. Therefore, translational and transductional viral modifications have been employed for increasing specificity and efficacy, and a generation of infectivity-enhanced CRAds is emerging, but has not completed clinical testing yet. 6 Nevertheless, several features of solid tumors continue to require further development of agents. For example, intratumoral complexity, including stromal tissues, hypoxic and necrotic areas, hyperbaric and acidic environments present challenges to viral oncolysis. 2 These aspects are difficult to test in vitro and therefore means to obtain profound in vivo correlative data are essential. In particular, as most aspects that determine antitumoral efficacy relate to the degree, location and persistence of virus replication, it would be crucial to obtain data on replication kinetics in preclinical models. Further, approaches that would reduce the number of animals required for in vivo work would be ethically and economically advantageous. Therefore, non-invasive imaging of virus replication may be useful for increasing the amount of longitudinal information gained from in vivo experiments.
In this study, we hypothesized that by coinfection of a luciferase expressing E1-deleted virus with an oncolytic virus, both viruses would replicate when present in the same cell. It has been previously shown that E1A proteins produced by a separate virus allows E1-deleted viruses to replicate, 9, 10, [11] [12] [13] and as virus DNA replication (including the transgene) is an early event in virus production, the amount of expressed luciferase might correlate with eventual assembly of infectious virions. Therefore, detection of D-Luciferin conversion by luciferase might be useful as a repeatable, non-invasive surrogate for virus replication as a function of time. Here, eight different CRAds as well as control viruses and the replication deficient, luciferase expressing Ad5/3luc1 virus (Table 1) were used in two in vivo experiments with different subcutaneous cancer models.
Easy, sensitive and non-invasive analysis of in vivo replication would be useful for preclinical evaluation of candidate clinical agents and facilitate overcoming obstacles that currently limit efficacy of oncolytic-viral agents.
Results

Replication kinetics of virus combinations in vitro in HEY ovarian cancer cells
To assess replication kinetics in vitro, HEY cells were infected with a panel of CRAds and control viruses (Table 1) in combination with the replication deficient, luciferase expressing Ad5/3luc1 and analyzed 1, 3, 5 and 7 days later. TCID50 analysis with HEY cell samples revealed an increase of infectious viral particle titers of at least four orders of magnitude from days 1 to 3 for the samples infected with replicating viruses (Figure 1a ). TCID50 titers on day 5 and 7 further escalated for all samples infected with replicating viruses, with Ad5/3-D24 and Ad5-D24pK7 samples having the greatest overall increase from days 1 to 7 of about 7 logs. Samples infected with non-replicating Ad5LacZ and mock samples showed no overall increase although levels were elevated on day 5. Luminescence measurements for luciferase expression showed similar results for Ad5/3-D24, Ad5-D24pK7 and Ad5-D24RGD (Figure 1b) . Levels of these samples rose exponentially, so that the overall increase from days 1 to 7 was about three orders of magnitude. Samples infected with Ad5-D24E3 showed no overall increase and luciferase expression of Ad300wt and Ad5LacZ samples decreased gradually. Mock-infected cells showed constant background levels. Quantitative polymerase chain reaction (qPCR) was carried out and results were comparable to the findings of TCID50 and luciferase assays (Figure 1c) . The samples infected with Ad5/3-D24, Ad5-D24pK7 and Ad5-D24RGD showed over 3 logs increase over 7 days, whereas presence of luciferase gene copies was elevated only slightly for Ad5-D24E3 and decreased for Ad300wt and Ad5LacZ.
TCID50 values for all replicating viruses of all four time points were plotted against luciferase light units (RLU) values from luciferase assay and a correlation with R 2 ¼ 0.9908 and Po0.0001 was found (Figure 1d ). TCID50 values also showed significant correlation with qPCR values (Figure 1e (Table 1) and analyzed after 1, 3, 5 and 7 days. On day 7 cells were mostly dead, therefore it was not able to get reliable result from this day. However, also this cell line showed marked increase of infectious viral particle titers over 5 days for the samples infected with replicating viruses (Figure 2a ). Ad5/3-D24 and Ad5-D24pK7 exhibited once again the greatest overall increase of about 6 logs over 5 days, whereas Ad5LacZ infected samples showed only minimal increase and mock samples stayed approximately on the same levels. Infection with Ad5/3-D24 and Ad5-D24pK7 also resulted in significantly increased luciferase levels over 5 days whereas Ad5-D24RGD and Ad5-D24E3 caused no increase ( Figure 2b ). Samples infected with Ad300wt and Ad5LacZ had decreasing levels and mock-infected cells showed only baseline light emission. qPCR with 2 ). This is probably due to slower replication of E3-deleted adenoviruses (the other CRAds were E3 positive) and also the activity of a heterologous promoter working against virus replication, as reported previously. [14] [15] [16] Most importantly, the single-component system confirmed the validity of the more widely applicable coinfection strategy, in that the three measured variables correlated with each other.
Bioluminescence imaging of coinfected ovarian tumors
To analyze factors associated with treatment resistance, a subcutaneous model featuring Hey ovarian adenocarcinoma cells was utilized in the first in vivo experiment. These cells grow rapidly and have been difficult to treat in previous adenoviral gene therapy experiments. 17, 18 CRAds featuring Cox-2 promoters and/or E1A region mutations and control viruses (Table 1) Luciferase imaging for evaluation of replication K Guse et al When imaging was redone on day 9, many tumors continued to display photon emission, suggesting presence of viruses in the tumors. In some tumors, photon emission had increased, suggesting persistent CRAd replication, whereas in other tumors photon emission decreased or ceased. To evaluate if this was due to death of tumor cells or attenuation of replication, another injection of viruses was carried out on day 10. Larger tumors usually again effectively produced luciferase, whereas smaller tumors continued to exhibit low photon emission. This suggested that the smaller tumors had few remaining viable tumor cells, whereas the larger tumors could again sustain virus replication.
Therapeutic efficacy, bioluminescence imaging and analysis of infectious virus production in ovarian cancer model Due to the refractory nature of Hey tumors, many tumors grew bigger throughout the experiment. However, some viruses, such as Ad5/3-D24 and Ad5/3Cox2Ld24, were able to slow down tumor growth ( Figure 5a ) and some tumors even disappeared by the end of the experiment. Antitumor efficacy was significant for Ad5/3-D24 and Ad5/3Cox2Ld24 (P ¼ 0.0024 and 0.0131) when compared to mock group.
Photon emission values on day 3 were quite similar between the CRAd coinfected groups, whereas values for replication deficient Ad5LacZ coinfected tumors were low (Figure 5b ). This suggests that presence of a replicating virus with an E1-deleted virus allows replication of both viruses. On day 9, light emission was less pronounced in many of the CRAd treated groups, especially when treated with Ad5/3-D24 and Ad5/3Cox2Ld24. On day 13 (3 days after the last virus injection) all groups treated with CRAds+Ad5/3luc1 displayed higher light emission than 4 days before.
The amounts of infectious viruses produced in the tumors were analyzed by TCID50 assays (Figure 5c ). Titers were very low for Ad5LacZ+Ad5/3luc1 suggesting lack of replication in the absence of E1A. Values for Ad5/3-D24 were four times higher than for the other CRAds with the tumors that were harvested on day (Figure 5d ). Statistical analysis revealed a significant correlation (P ¼ 0.018). When photon emission and TCID50 values were plotted against each other (Figure 5e ) a significant correlation could be seen as well (P ¼ 0.029). Relative tumor volume also seemed to correlate with photon emission (Figure 5f , P ¼ 0.050).
Bioluminescence imaging of coinfected subcutaneous renal tumors
To investigate the generalizability of the findings, a tumor model with 786-O renal cancer cells was chosen and CRAds with different capsid modifications and Luciferase imaging for evaluation of replication K Guse et al control viruses (Table 1) were coinjected with Ad5/3luc1. All virus injected tumors showed relatively high photon values on day 3, whereas on day 9 values were lower ( Figure 6 ) suggesting that most of the tumor tissue was eliminated by this time.
Therapeutic efficacy, bioluminescence imaging and analysis of infectious virus production in renal cancer model 786-O tumors responded well to virus treatment as all tumors injected with replication competent viruses shrank, whereas mock-injected tumors grew (Figure 7a ). All the CRAds used in this experiment had a significant antitumor effect compared to Ad5LacZ (P-values on day 9: Ad5/ 3-D24 ¼ 0.002, Ad5-D24pK7 ¼ 0.004, Ad5-D24RGD ¼ 0.007 and Ad5-D24E3 ¼ 0.01).
Photon emission values on day 3 were highest for the Ad5/3-D24+Ad5/3luc1 group and lowest for the replication deficient Ad5LacZ+Ad5/3luc1 which indicates successful coreplication of Ad5/3luc1 with the CRAds (Figure 7b ). On day 9 photon emissions had decreased at least 100-fold in all virus injected groups, due to killing of tumor cells. Nevertheless, the Ad5/3-D24 group continued to display the highest values. TCID50 analysis of tumors harvested on day 3 showed high values for Ad300wt and Ad5/3-D24, whereas tumors injected with replication deficient Ad5LacZ exhibited low values (Figure 7c) . Results for the samples collected on day 9 were markedly decreased but still tumors transduced with Ad300wt and Ad5/3-D24 had the highest values.
Correlation of tumor volume, infectious virus production and photon emission in the renal cell tumor model
To assess a relation between TCID50 and tumor volume, values were plotted against each other (Figure 7d ) and a significant correlation was found (P ¼ 0.0011). The same was carried out for TCID50 values and total flux ( Figure  7e ) and a significant correlation could be seen as well (P ¼ 0.0003). Also parameters for total flux and tumor volume correlated with each other (P ¼ 0.0024, Figure 7f ).
Correlation of virus replication and antitumor effect at different time points
To investigate correlation of early virus replication to subsequent antitumor activity, flux on day 3 was plotted against tumor size on day 9. However, low correlation was seen (not significant, not shown) for both renal cancer and ovarian cancer model.
Comparison of a single-component luciferase expressing replicating adenovirus to the dual infection strategy in vivo
786-O tumors were injected with Ad5luc3 alone or Ad300wt in combination with Ad5/3luc1 and similar amounts of light were emitted on days 3 and 9 ( Figure  8a ). Total flux values were calculated and plotted as a function of time (Figure 8b) . Furthermore, production of new infectious virions was similar although the coinfection yielded slightly more virus, probably due to higher replicativity of Ad300wt in comparison to E3-deleted Ad5luc3 (Figure 8c ).
Discussion
Adenoviruses are promising tools for cancer therapy, and their safety and efficacy has been shown in recent clinical trials. [2] [3] [4] [5] [6] However, clinical data have also revealed that eradication of advanced tumors is difficult with nonreplicating viruses, and the best results have been obtained in combination treatment regimens, 4, 5 or with minimal residual disease. 3 Therefore, replication competent oncolytic viruses were developed and the first generation has now been evaluated in clinical trials. Although safety has been excellent and some responses have been seen, single-agent efficacy has been less than impressive. 8 Reasons for the discrepancy between preclinical and clinical data probably include poor transduction of sufficient numbers of tumor cells and unsatisfactory intratumoral dissemination due to intratumoral barriers. Advanced clinical tumors are larger, slower growing and more complex than preclinical models and the viruses tested heretofore are not very potent. Consequently, a new generation of infectivity enhanced, highly potent CRAds is emerging. 19, 20 Although clinical data on these agents is still pending, Luciferase imaging for evaluation of replication K Guse et al it is increasingly recognized that the intratumoral environment of advanced solid tumors is quite complex, and improved means for in vivo analysis are required. In particular, currently available methods rarely allow longitudinal correlation of virus replication to antitumor responses.
To address this problem, we established a system to monitor viral replication with a non-invasive technique, which allows multiple measurements with the same test animals. A replication-deficient, luciferase expressing virus was coinjected with different CRAds to investigate whether light emission values could be used as a surrogate for killing of test animals for analysis of virions produced.
In vitro, good correlation of the measured parameters was found (Figures 1d-f and 2d-f ). TCID50 titers increased by 6-7 log (Figures 1a and 2a) , whereas luciferase copy number generally increased by ca. 4 log (Figures 1c and 2c) , which suggests that coreplication of the viruses was not complete. Alternatively, methodological issue may have impacted this quantitative difference: TCID50 measures total functional particles, whereas qPCR determines total genomes of the nonreplicating virus. However, in a one-component system we saw quite similar results (Figure 3) , suggesting that luciferase imaging could track replication regardless of E1 provided in trans or by the same virus.
The in vivo experiments showed good correlation between production of infectious virions and photon emission values (Figures 5e, 7e and 8 ). This suggests that in vivo luciferase imaging can be used to estimate virus replication in live animals. Interestingly, we also saw correlation between tumor volume and infectious virus production, and between tumor volume and photon emission. These findings initially seemed partly counterintuitive, as more replication would be expected to result in more antitumor activity and therefore smaller tumors. Although daily analysis of virus production and photon emission was not possible, we assume that virus replication was highest at early time points (days 0-2) . Three or 9 days later, mice were imaged for luciferase (a) and total photon emission was determined (b). Half of the mice were killed on days 3 and 9 and tumors were analyzed for functional VPs (c). Bars indicate standard error.
Luciferase imaging for evaluation of replication K Guse et al in the tumors where the best responses were seen (found along the y-axis in Figures 5d and f, 7d and f) . Therefore, correlation of tumor size with photon and virus counts occurs mostly at later time points and presumably reflects a situation where the tumor is not completely eradicated (due to intratumoral barriers), but antitumor activity mediated by virus replication persists (Figure 5d and f). In the 786-O renal cancer model, it is noteworthy that the trend line crosses the y-axis not at the origo but higher up (Figure 7d and f) . This suggests that in the smallest tumors, little if any virus replication existed, because no viable tumor cells were present anymore. An advantage of this system is that construction of marker gene expressing variants of the oncolytic viruses of interest is not necessary, as a luciferase expressing virus can be coinfected with any oncolytic virus. For example, oncolytic viruses with various configurations of promoters and E1-deletions could be tested and compared for transcriptional activity and the degree of subsequent virus replication obtained (ovarian cancer model, Figures 4 and 5) . In our experiments, Ad5/3-D24 and Ad5/3Cox2Ld24 seemed the most useful viruses. By utilizing a cell line that theoretically should not support replication of a CRAd, it might be possible to obtain information about selectivity. For example, if Cox-2 promoter containing CRAds are studied, a Cox-2-negative cell line could be used.
Alternatively, different viral capsid constructs can be compared with this system (renal cancer model, Figures  6 and 7) . Provided the compared viruses are otherwise isogenic, results would then allow to draw conclusions about the transductional performances of the capsid modified viruses. In our experiments with a subcutaneous renal cell cancer model, all three capsid modified CRAds (Ad5-D24RGD, Ad5-D24pK7, Ad5/3-D24) were effective.
In the optimum situation, the capsid of the luciferaseexpressing virus would be identical with the replication competent virus (Figures 4 and 5) . Otherwise, there is a theoretical possibility that non-identical populations of tumor cells are transduced with the luciferase expressing virus and the replication competent one. However, our data suggest that this is not a concern, as logical results were obtained in Figures 6 and 7 . In general, high TCID50 correlated with high photon emission and both seemed to correlate with antitumor response. Nevertheless, on day 3, Ad5/3-D24 displayed the highest photon emission (Figure 7b ), but Ad300wt displayed higher TCID50 values (Figure 7c ). Because the coinfected virus was Ad5/3luc1 and therefore had the same capsid as Ad5/3-D24, it may have led to a slight advantage with regard to photon emission vs TCID50 for this CRAd.
In summary, we have shown here that the proposed system of coinjecting a luciferase expressing, replication deficient adenovirus with a replication competent adenovirus allows determination of replication non-invasively. Moreover, the analysis can be repeated in the same animals to obtain longitudinal data. Thus, this system might be useful for replacing or complementing more laborious TCID50 assays with tissue samples. Because killing of animals is required for TCID50 analysis, this system would reduce the number of required test animals, which would be ethically and economically beneficial. Although other imaging approaches may be useful to obtain data complementary to this approach, [21] [22] [23] there is unfortunately a paucity of methods with wide applicability without the need for constructing novel constructs. Because an imaging moiety cannot be easily genetically included in all oncolytic agents due to genome size, packaging, safety and efficacy issues, this coinfection strategy might be frequently useful as it is theoretically combinable with any oncolytic adenovirus. Eventually, this system could improve the analytical methods available for preclinical evaluation of oncolytic viruses, which in turn could lead to development of more effective treatment agents for patients currently faced with disease refractory to available modalities.
Materials and methods
Viruses
The main features of the viruses used in this study can be found in Table 1 . All viruses contain an intact E3 region, except Ad5luc3 which has E3 replaced with an SV-40 -luciferase expression cassette. 24 Viruses were produced according to standard methodology as referenced, purified with double CsCl centrifugation, and titered with OD260 and plaque assay.
Ad300wt was obtained from American type culture collection (ATCC, Manassas, VA, USA).
Cell lines
HEY ovarian cancer cells 25 VPs of either Ad5luc3 or Ad5luc1 alone was used to infect cells. On days 1, 3, 5 and 7 after infection cells were harvested and analyzed by TCID50 assays with 293 cells (Adeasy application manual, Qbiogene, Carlsbad, CA, USA), luciferase expression (Luciferase Assay System, Promega, Madison, WI, USA) and qPCR for luciferase gene. For TCID50 assays cell samples were freezethawed thrice to set free virus, for luciferase expression assays the provided reporter lysis buffer was used and for qPCR DNA was extracted from samples using QIAamp DNA Mini Kit (Qiagen, Valencia, CA, USA). Analyses were carried out in triplicates for each virus, day and analytical method.
qPCR for luciferase
Luciferase specific primers (5 0 -GAAATCCCTGGTAATCC GTT-3 0 and 5 0 -ATCACAGAATCGTCGTATGC-3 0 ) were used to perform real-time quantitative PCR with a SYBR green assay using a RotorGene system. The efficiency of the reaction was assumed to be 2, therefore values were calculated with the formula: 2 (MockCycleNumberÀSampleCycleNumber) .
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Animal models
All experiments were approved by Experimental Committee of the University of Helsinki and the Provincial Government of Southern Finland. About 4-5-weeks old female nude mice were purchased from Taconic (Ejby, Denmark). For the ovarian cancer model, mice were subcutaneously injected with 5 Â 10 6 Hey ovarian adenocarcinoma cells in both flanks. When tumors reached a volume of ca. 65 mm 3 , mice were randomized into seven groups receiving indicated virus or no virus intratumorally on three consecutive days (days 0, 1 and 2) and again on day 10 (n ¼ 8 tumors per group). Each injection contained 3 Â 10 8 VPs of replicating virus and 3 Â 10 8 VP of Ad5/3luc1. Half of the mice were killed on day 3 and the rest on day 17. All tumors were collected and stored at À801C.
For the renal cancer model, subcutaneous tumors were induced by injecting 5 Â 10 6 786-O renal cancer cells as above. Mice were randomized into six groups and treated on three consecutive days (days 0, 1 and 2) with 3 Â 10 8 VPs of replicating virus and 3 Â 10 8 VPs of Ad5/ 3luc1 (n ¼ 8 tumors per group). For correlation of single to dual component in vivo imaging, the coinfection strategy was compared to 3 Â 10 8 VPs of Ad5luc3 injected intratumorally on three consecutive days. Half of the mice were killed on day 3 and the rest on day 9.
Tumor size was followed and volumes were calculated using the formula: (larger diameter) Â (smaller diameter) 2 Â 0.52. All tumors were collected and stored at À801C.
Imaging
On days 3 and 9 (in all experiments) and 13 (only in the ovarian cancer model) after the first virus injection, 4.5 mg of D-Luciferin (Promega, Madison, WI, USA) in 100 ml 0% Roswell Park Memorial Institute growth medium was injected intraperitoneally. After 10 min, images were captured with the IVIS imaging system series 100 using Living Image v2.5 software (Xenogen, Alameda, CA, USA) and photon emission values were calculated as recommended by the manufacturer.
Quantitation of infectious particles of in vivo samples
Tumors were minced, suspended in 1 ml 0% Dulbecco's modified Eagle's medium growth medium and freezethawed three times. 27 The supernatant was then used for duplicate 10 day TCID50 assays with 293 cells (Adeasy Application Manual, QBiogene).
Statistical analysis
Significance of antitumor efficacy for the ovarian cancer model experiment was calculated using a non-parametric change-point test to show a systematic change in the pattern of observations as opposed to fluctuation due to chance. The Proc Mixed procedure in 18SAS v.6.12 (SAS Institute, Cary, NC, USA) was used to examine the effects of group and time on tumor growth. Pairwise comparisons were performed to compare groups.
RLU, qPCR, TCID50, in vivo photon emission and tumor volume values for all CRAds were entered into scatter plots and correlation (two-tailed Pearson's t-test) was determined using GraphPad Prism 4 software (GraphPad Software Inc., San Diego, CA, USA).
